We report an unusually large birefringence modulation in fiber-optic phase modulators formed with cylindrical piezoelectric transducers when driven at a few hundred kilohertz. The magnitude of the birefringence modulation is a strong function of modulation frequency. A simple model is used to explain the phenomenon, and the theoretical predictions agree well with the experimental results.
Cylindrical piezoelectric transducers" 2 (PZT's) wrapped with a length of fiber have been widely used as phase modulators in fiber-optic systems such as fiber-optic gyroscopes 3 and other interferometric sensors. 4 The cylindrical piezoelectric phase modulators are simple and virtually lossless and are known to have negligible polarization modulation, making them popular despite their limited frequency bandwidth. The major source of the small polarization modulation is the modulation of birefringence that is induced by bending 5 and tension coiling. 6 At low-frequency modulation-as much as a few tens of kilohertz-the depth of polarization modulation is -10-3 times smaller than that of phase modulation. 7 In this Letter we report an unusually large polarization modulation in fiber-optic phase modulators driven at a few hundred kilohertz. A theoretical model is presented that describes the phenomenon with good accuracy. This phenomenon has important implications for systems that require high-frequency phase modulation, such as mode-locked fiber-laser gyroscopes. 8 The measurement of birefringence modulation was made with a fiber-optic Mach-Zehnder interferometer, as shown in Fig. 1 . The fiber used for the experiment was a conventional communication fiber with a cladding diameter of 125 Am and a jacket diameter of 220 Atm. A few tens of turns of fiber were wrapped around the PZT. The polarization controller, PC1, was used to align the polarization direction of light launched into the phase modulator parallel to one of the birefringence axes (i.e., the symmetry axes of the PZT cylinder) induced by tension coiling. We achieved this adjustment by minimizing polarization modulation in the output, with the tunable coupler, DC2, decoupled and with an additional polarizer in front of the detector. The second polarization controller, PC2, and DC2 were adjusted for maximum visibility of the interference signal.
We then measured phase-modulation amplitude k at the modulation frequency w by measuring the ratio of the optical intensity at oi to that at 3w, i.e., PtjP 3 a, using a rf spectrum analyzer. The relationship P./P 30 . = J1(0)/J 3 (0) was used for the measurement. 9 Once the modulation amplitude was measured for one polarization direction, say 4l for the polarization direction orthogonal to the cylinder wall, the input polarizer was rotated by 90° for measurement of 01, for the polarization direction parallel to the cylinder wall.
Values for the normalized birefringence modulation, defined by the ratio of the differential phase-modulation amplitude to the average phasemodulation amplitude, 2(40 -ki)/(0± + 01), are plotted in Fig. 2 for PZT's of radii 1.27, 1.9, and 3.8 cm. The solid curves are theoretical predictions that will be discussed below. As the figure shows, the normalized birefringence modulation is large and rapidly increases with the modulation frequency and the cylinder radius R.
To explain the unusually large frequencydependent birefringence modulation, we consider a straight fiber with a circular cross section coated with a jacket, as shown in Fig. 3 . The jacket experiences a normal stress o°rr of frequency w at one point of its boundary where it touches the PZT, i.e., 
Here z is a unit vector along the length of the fiber, a is the radius of the cladding, and ki, ki' (i = 1 for the glass, i = 2 for the jacket) are compressional and shear wave numbers, respectively. Jn and Nn represent nth order Bessel functions of the first and the second kind, respectively. The boundary conditions that determine the amplitudes An, Bn, Cn, Dn, En, and Fn are the continuity of displacement u and the continuity of normal and shear stress. From the boundary conditions one can calculate numerically the be added to e,' and el,' to yield the two principal strains e, and el, such that 6i= eiI-VE 3 , i = I or 11, principal strains at the center of the fiber core, i.e., e,' and el,', that are normal and parallel to the transducer wall, respectively. The displacement of the fiber center UR in the direction as depicted in In the simple two-dimensional model we have been considering the displacement of the fiber core UR does not contribute to the phase modulation. In the case in which the fiber is wrapped around a cylindrical PZT, UR is directly related to the longitudinal strain e 3 of the fiber as e 3 = URIR, where R is the radius of the transducer. Therefore a correction term should where v is Poisson's ratio. The effects of tension coiling and bending are still ignored since they are much smaller than E, and el, at a modulation frequency of a few hundred kilohertz.
The values of e,, el,, and e3 obtained thus far can be used to calculate the phase-modulation amplitudes Xl, and 01P with the following relationship': (3) Here ko is the light wave number in vacuum, n is the refractive index of the fiber (n = 1.46), lo is the fiber length in contact with the transducer, and Pij are strain-optic coefficients (pi, = 0.12, P12 = 0.27). The solid curves in Fig. 2 are plotted by use of Eqs. (3) . Good agreement with experimental results can be seen. It is interesting to note that the difference of the phase modulation,
is independent of e 3 and thus the radius of the PZT. However, the sum of the phase-modulation amplitudes, Xl± + 'll, is a function of e 3 and thus R, which results in a strong dependence of the normalized birefringence modulation on the radius of the PZT cylinders. Figure 4 shows the frequency dependence of e±'/e 3 and e 11 /e 3 for a cylindrical modulator with a radius of 1.9 cm. It can be seen that, at low modulation frequencies, e±' and el,' are negligible compared with e 3 . According to Eqs. (3), the dominant phase modulation comes from the polarization-insensitive longitudinal strain at low modulation frequencies. As the modulation frequency increases, the polarizationdependent contributions from the lateral strains increase rapidly, resulting in a large birefringence modulation. Note that e±' and el,' have opposite signs in the frequency range that we are considering. and euI'/e3.
In conclusion, we have observed a large birefringence modulation in fiber-optic phase modulators as a strong function of the modulation frequency and the radius of the PZT. A theoretical model is presented that describes the observed phenomenon with good accuracy. This property of the phase modulators can be utilized to realize fiber-optic polarization modulators or scramblers.
